The global spread of Klebsiella pneumoniae carbapenemase (KPC) is predominately associated with K. pneumoniae strains genotyped as sequence type 258 (ST258). The first ST258-associated plasmid, pKpQIL, was described in Israel in 2006, but its history in the northeastern United States remains unknown. Six pKpQIL-like plasmids from four K. pneumoniae isolates (three ST258 and one ST234), one Escherichia coli isolate, and one Enterobacter aerogenes isolate, collected from 2003 to 2010 in New York (NY) and New Jersey (NJ) hospitals, were completely sequenced. The sequences and overall sizes of the six plasmids are highly similar to those of pKpQIL; the major difference is that five of six NJ/NY strains harbor bla KPC-2 , while pKpQIL contains bla KPC-3 . Moreover, a 26.7-kb fragment was inverted in pKpQIL-234 (from ST234 K. pneumoniae), while a 14.5-kb region was deleted in pKpQIL-Ec (from ST131 E. coli). PCR screening of 284 other clinical K. pneumoniae isolates identified 101 (35.6%) harboring pKpQIL-like plasmids from 9 of 10 surveyed hospitals, demonstrating the wide dissemination of pKpQIL in this region of endemicity. Among the positive isolates, 87.1% were typed as ST258 and 88.1% carried bla KPC-2 . The finding of pKpQILlike plasmid in this study from strains that predate the initial report of KPC in Israel provides evidence that pKpQIL may have originated in the United States. Our findings demonstrate that pKpQIL plasmids are both spreading clonally in ST258 strains and spreading horizontally to different sequence types and species, further highlighting the clinical and public health concerns associated with carbapenem resistance.
I
nfection with carbapenem-resistant Enterobacteriaceae, in particular, Klebsiella pneumoniae, has emerged as a significant global public health dilemma (1) . K. pneumoniae carbapenemase (KPC), first reported in 2001 (2) , is currently the most common carbapenemase in the United States. During the last 10 years, hospitals in the New York (NY) metropolitan area, which define an "epicenter of KPC," have experienced aggressive dissemination and clinical failures associated with KPC-producing K. pneumoniae in high-risk patients (3) .
The widespread dissemination of KPC-producing K. pneumoniae is largely associated with a single clone, defined as multilocus sequence type 258 (ST258), although a number other STs have also been found harboring KPC (3) (4) (5) (6) . The gene coding for KPC, bla KPC , located on a Tn3-like transposon (Tn4401), has been identified in various transferable plasmids which show the ability to transfer between different strains and various Gram-negative species (3, 7) . Recently, bla KPC has been identified in plasmids of different incompatibility (Inc) groups, including IncFII, IncI2, IncA/C, IncN, IncX, IncR, and ColE (8) (9) (10) (11) (12) . The first ST258-associated plasmid, pKpQIL, a bla KPC-3 -harboring IncFII K2 plasmid, was initially identified in 2006 in K. pneumoniae ST258 strains from Israel and subsequently spread to Poland, Italy, and other countries (10, (13) (14) (15) (16) . Intriguingly, genotyping showed that the bla KPC-3 -harboring pKpQIL plasmids found in Israel were different from the bla KPC-3 -harboring plasmids carried by genetically related ST258 strains from United States (17) . In contrast, Kitchel et al. found that a bla KPC-3 -harboring pKpQIL plasmid from Israel had restriction and Tn4401 profiles similar to those of the bla KPC-2 -harboring plasmids from ST258 isolates from the United States (18) .
Although the spread of pKpQIL in Israel and Poland appears to be endemic, the distribution of pKpQIL-like plasmids in the New York metropolitan area is unknown (16, 19, 20) . In this study, we determined the DNA sequence of six pKpQIL-like plasmids isolated from six strains of three different Enterobacteriaceae species (K. pneumoniae, Escherichia coli, and Enterobacter aerogenes) from New Jersey (NJ) and New York city (NYC) hospitals and compared their plasmid structures with those of pKpQIL plasmids from Israel and Italy. The sequence data provided the information to design a PCR scheme to explore the distribution of pKpQILlike plasmids in 284 clinical K. pneumoniae isolates from 10 hospitals in NJ and NYC collected between 2002 and 2012.
(This work was presented in part at the 53rd Interscience Conference on Antimicrobial Agents and Chemotherapy.) Genotyping and plasmid characterization. Plasmid DNA was extracted using a Qiagen Plasmid Midi kit (Qiagen, Valencia, CA), followed by electroporation into E. coli DH10B (Invitrogen) using a Gene Pulser II instrument (Bio-Rad Laboratories). E. coli DH10B transformants were selected on lysogeny broth (LB) agar plates containing 100 g/ml ampicillin or 0.5 g/ml imipenem and then screened by multiplex real-time PCR for the presence of bla KPC genes (21) . Plasmid size and number were estimated by S1 nuclease digestion of plasmid DNA, followed by pulsedfield gel electrophoresis (S1-PFGE) (22) . Transformants with single plasmids were then selected for plasmid sequencing and subjected to susceptibility testing according to Clinical and Laboratory Standards Institute methods and interpretations (23, 24) . Conjugation experiments were carried out in LB broth with E. coli J53Az R as the recipient using a method described previously (25) .
MATERIALS AND METHODS
Multilocus sequence typing (MLST) of the four K. pneumoniae strains (13001, 15720, 26633, and 30799) and one E. coli strain (28960) was performed using previously described methods for K. pneumoniae and E. coli, respectively (26, 27) .
Plasmid sequencing and bioinformatics. Plasmid DNA from E. coli DH10B transformants of six isolates (13001, 15720, 26633, 30799, 28944, and 28960) was extracted as described above and sequenced using a Roche 454 GS-FLX or Illumina MiSeq system. Sequencing reads were de novo assembled using the Roche Genome Sequencer FLX software GSA assembler or Velvet algorithm (28) . Gaps between contigs were closed by PCR followed by standard Sanger sequencing. Open reading frames (ORFs) were predicted and annotated using the RAST (rast.nmpdr.org) server (29) , followed by manual comparative curation. Mauve 2.3.1 was used to perform comparative genome alignment for different plasmids (30) .
PCR screening for pKpQIL-like plasmids. Complete-genome sequencing of the pKpQIL-like plasmids analyzed in this study as well as the pKpQIL and pKpQIL-IT plasmids sequenced previously (GenBank accession numbers GU595196 and JN233705) (10, 15) provided the information to develop a PCR strategy to detect this family of plasmids. The scheme includes six individual PCRs. PCR-I and PCR-VI were designed to target the IncFII K -specific repA gene (shared by all IncFII K plasmids) and the IncFII K2 plasmid-specific repFIB gene, respectively. PCR-II and PCR-IV were designed to target the upstream and downstream junctions between neighboring Tn4401 and pKpQIL regions. PCR-III was used to detect the pKpQIL-associated Tn4401a isoform (with a 99-bp-deletion upstream bla KPC gene in comparison to Tn4401b isoform), and PCR-V was designed to target the pKpQIL-like plasmid backbone gene hsdR. The combination of PCR-I to -VI is able to identify pKpQIL-like plasmids with the exception that pKpQIL-Ec (from E. coli strain 28960) is positive for PCR-I to -IV and -VI but negative for -V, due to a 14.5-kb deletion (described below). The primer targeting regions for the identification of pKpQIL-like plasmids are shown in Fig. 1 , and primer sequences are listed in Table 1 . The PCR cycling conditions were as follows: an initial denaturation step of 95°C for 4 min, followed by 35 cycles of 95°C for 30 s, 55°C for 1 min, and 72°C for 1 min (PCR-I, -III, -V, and -VI) or 2 min (PCR-II and -IV) and a final extension step of 72°C for 7 min.
In this study, a total of 284 other clinical K. pneumoniae isolates were analyzed using the PCR screening scheme described above. Identification of the epidemic K. pneumoniae ST258 clone from these clinical isolates was performed using a multiplex real-time PCR method described previously (5) . The presence and allele types of bla KPC were determined by a multiplex real-time PCR method (21) .
A subset (n ϭ 10) of pKpQIL-like plasmids identified by the PCR screening approach were subjected to conjugation using E. coli J53 Az R as the recipient and following the method described above. Single bla KPCharboring plasmids isolated from E. coli J53 transformants were digested with restriction endonuclease EcoRV (New England BioLabs, Boston, MA), and their restriction patterns were compared to those of sequenced pKpQIL plasmids in this study (9) .
Statistical analysis. The statistical analysis regarding the differences in the distributions of IncFII K and pKpQIL-like plasmids was performed using the chi-square test (Prism, GraphPad, San Diego, CA). The differences were considered statistically significant at P Յ 0.05.
Nucleotide sequence accession numbers. The complete nucleotide sequences of pKpQIL-234 (pBK26633), pKpQIL-Ec (pBK28960), and pKpQIL-10 (pBK30799) were deposited in GenBank under accession numbers KJ146689, KJ146688, and KJ146687, respectively.
RESULTS

Characterization of pKpQIL-like plasmid-harboring isolates.
Antibiotic susceptibility testing revealed that the six parental clinical isolates were resistant to all ␤-lactams and ␤-lactamase inhibitors tested in this study, including four carbapenem antimicrobial agents (imipenem, meropenem, ertapenem, and doripenem), except that 26633 was determined to be intermediate with respect to ceftazidime and cefepime ( Table 2 ). All isolates were susceptible to tigecycline, colistin, and polymyxin B but showed differing patterns of resistance to other antimicrobial agents, including doxycycline, amikacin, gentamicin, tobramycin, ciprofloxacin, levofloxacin, and cotrimoxazole, suggesting that they carry different antimicrobial resistance determinants. The E. coli DH10B transformants displayed ␤-lactam resistance profiles similar to those of the parental isolates ( Table 2 ). The overall susceptibility profiles of the parental isolates and transformants are similar to those of the pKpQIL-harboring strains and their transformants originally identified in Israel (19, 20) .
MLST showed that isolates 13001, 15720, and 30799 belonged to the epidemic K. pneumoniae ST258 clone, while 26633 was ST234 (27) , and isolate 28960 is an example of the epidemic E. coli ST131 clone (26) . A conjugation test showed that all the bla KPC -bearing plasmids in the six isolates were successfully transferred to E. coli J53 strains, lending credence to the hypothesis that these plasmids are conjugative in nature. S1-PFGE experiments indicated the six bla KPC -bearing plasmids were of similar sizes (ϳ100 kb).
Comparison of pKpQIL-like plasmids. Six pKpQIL-like plasmids were sequenced in this study. These plasmids were named based on the isolation time, genetic background, or parental species. Accordingly, the plasmids from strains 13001 (isolated in 2003), 15720 (isolated in 2004), and 30799 (isolated in 2010) were named pKpQIL-03, -04, and -10, respectively. The plasmids from strains 26633 (from ST234 K. pneumoniae), 28944 (from E. aerogenes), and 28960 (from E. coli) were named pKpQIL-234, -Ea, and -Ec, respectively (Fig. 1) .
pKpQIL-03, -04, -10, and -Ea are identical in size (113,639 bp), have GϩC content of 53.9%, and harbor 125 predicted open read-ing frames (ORFs). This matches the published pKpQIL sequence, which is 113,637 bp in length (10) . pKpQIL-234 and -Ec are, respectively, 114,464 and 99,142 bp in length, with GϩC content of 53.9% and 54.0%, and harbor 125 and 110 predicted ORFs, respectively. A BLAST search of all six plasmid genomes against the GenBank database (http://blast.ncbi.nlm.nih.gov) showed they have a high degree of similarity to that of the previously published pKpQIL plasmid from Israel (10), with 100% query coverage and overall Ͼ99.9% nucleotide identity.
Mauve analysis revealed the high conservation of these plasmids, as fewer than 10 single nucleotide polymorphisms (SNPs) were identified, covering over 100 kb of plasmid genomes in comparisons of the six study plasmids to pKpQIL. The results showed that the SNP variations between pKpQIL and pKpQIL-03 (4 Antimicrobial and mercury resistance genes are indicated by red arrows, while the accessory genes are indicated by yellow arrows. We note that a 24-kb region is inversely displayed in pKpQIL-234, in contrast to other pKpQIL-like plasmids. A red arrow above plasmid pKpQIL-Ec illustrates the deletion site of 14-kb sequence. Small black arrowheads beneath the plasmids indicate the locations of primers used for PCR screening; primer sequences are shown in Table 1 . SNPs), -04 (4 SNPs), -10 (7 SNPs), -234 (6 SNPs), -Ec (9 SNPs), and -Ea (7 SNPs) are minimal. The majority of these SNPs are located in the intergenic regions, and the only nonsynonymous mutation found among the seven pKpQIL-like plasmids is that pKpQIL and pKpQIL-04 carry bla KPC-3 whereas the other five plasmids (pKpQIL-03, -10, -234, -Ec, and -Ea) carry bla KPC-2 . To our knowledge, this is the first report showing that nearly identical plasmids carry different bla KPC variants. In contrast, the pKpQIL-IT plasmid isolated in Italy is divergent from the pKpQIL plasmids from Israel and NJ/NY, with 1,661 to 1,666 differing SNPs. Further inspection of the SNP locations revealed that Ͼ99% are located in an ϳ47-kb fragment from gene ssb to gene traI, encompassing nearly the entire tra operon. The remaining sequence in pKpQIL-IT is nearly identical to the sequences of the other seven pKpQIL plasmids (Ͼ99.9% similarity) (Fig. 1) . pKpQIL, -03, -04, -10, -234, -Ec, and -Ea carry the same number of antimicrobial and mercury resistance genes, including bla KPC-2/-3 , bla TEM-1 , ⌬bla OXA-9 , ⌬aadA1, merA, merC, merD, and merE (Fig. 1) . pKpQIL-IT has an additional resistance gene, aphA1, which is carried on a composite transposon-like element, IS26-aphA1-IS26, located downstream of Tn4401 (15) .
Interestingly, analysis of the plasmid genome of pKpQIL-234 revealed a 26.7-kb inversion flanked by two inverted IS26 elements. This inversion ranges from the IS26 downstream of Tn4401 to the type I restriction-modification DNA-methyltransferase hsdM gene. The inversion presumably originated from an IS26 insertion in hsdM at nucleotide (nt) 215, resulting in the splitting of hsdM, followed by an inversion between two oppositely oriented IS26 elements (Fig. 1) . Moreover, examination of the pKpQIL-Ec plasmid genome identified a 14.5-kb deletion, spanning the region between the downstream portion of the mer operon and the upstream portion of the parAB operon and encompassing the entire type I restriction-modification system (hsdRSM) and putative virulence genes vagC-vagD (31) .
Distribution of pKpQIL-like plasmids in NJ/NY hospitals. As part of an ongoing surveillance project, hospitals in NY and NJ (The CRE Hospital Network) routinely submit carbapenem-resistant and -susceptible K. pneumoniae isolates to the Public Health Research Institute TB Center for genotyping. A total of 284 clinical KPC-producing K. pneumoniae isolates collected between 2002 and 2012 from 10 hospitals were evaluated by PCR for the presence of pKpQIL-like plasmid markers. Among them, 148 (52.1%) were bla KPC-2 positive, while 136 (47.9%) were bla KPC-3 positive and 245 (86.3%) belonged to the ST258 clone (Table 3) .
Among these 284 K. pneumoniae isolates, 62.0% (n ϭ 176) (Table 3) . Ten (9.9%) of the 101 pKpQIL-like plasmids were selected and successfully transferred to E. coli J53 by conjugation. Comparative restriction enzyme digests of the 10 plasmids using EcoRV displayed profiles that were indistinguishable from or highly similar to the pKpQIL-10 profile (data not shown). This finding showed that the PCR screening method, described in this study and used on the parental K. pneumoniae isolates, was highly specific in correctly identifying those strains that harbor pKpQIL-like plasmids.
DISCUSSION
In this study, we sequenced six bla KPC -harboring plasmids from clinical isolates collected from 2003 to 2010 in NYC and NJ hospitals. The sequenced plasmids displayed high identities to the prototype pKpQIL plasmid, originally isolated from an ST258 strain in Israel (10) . Comparative plasmid genome analysis suggested that the six NY/NJ plasmids and pKpQIL are virtually the same plasmid that evolved from a common ancestor. pKpQIL initially emerged in Israel in 2006, carrying bla KPC-3 and bla TEM-1 and associated with K. pneumoniae clone Q based on its PFGE pattern (and was later assigned the designation ST258 by MLST) (32) .
PFGE typing showed that Israeli pKpQIL-harboring K. pneumoniae clone Q isolates were genetically related to several ST258 isolates collected in NYC in 2000 and in NJ and Arizona in 2006 (17) . Interestingly, plasmid characterization showed that the bla KPC-3 -harboring plasmids from the U.S. ST258 isolates (from New York, New Jersey, and Arizona) were distinct from bla KPC-3 -harboring pKpQIL collected in Israel (17) . The results suggested that the Israeli ST258 strain may have originated in the United States and spread to Israel as a result of international travel; however, the origin of pKpQIL remains intriguing, as the same K. pneumoniae strains carry different bla KPC-3 -harboring plasmids.
Part of the mystery appears to have been unraveled in this current study. Among the six completely sequenced pKpQIL-like plasmids, two (pKpQIL-03 and -04) predate (2003 and 2004 ) the emergence of the pKpQIL in Israel (2006). pKpQIL-03 harbors bla KPC-2 , while pKpQIL-04 contains bla , which is the same bla KPC variant identified in the Israeli pKpQIL prototype plasmid (Fig. 1) . More importantly, the PCR screening of pKpQIL-like plasmid in 10 hospitals in NY/NJ of isolates collected from 2002 to 2012 supported the idea that this plasmid is more significantly associated with KPC-2 than with KPC-3 in this area (Table 3) . This finding is in agreement with results of previous plasmid restriction digestion analysis indicating that a bla KPC-3 -harboring pKpQIL-like plasmid collected in Israel had a restriction profile similar to those of bla KPC-2 -harboring plasmids collected in the United States (18) . The most plausible explanation is that a single KPC-3-positive pKpQIL-harboring ST258 strain (e.g., pKpQIL-04-harboring ST258) was transferred from the United States into Israel, where it became the predominant clone Q. The paradoxical plasmid profiles differences between the U.S. and Israeli bla KPC-3 -harboring ST258 strains were probably due to a strain selection bias, since ϳ90% of pKpQIL-like plasmids in NY/NJ carry bla KPC-2 instead of bla . However, the reason for the disproportionate distribution of bla KPC-2 and bla KPC-3 -harboring pKpQIL plasmids in our area still needs further study.
In this study, the six sequenced pKpQIL-like plasmids are highly similar to the prototype pKpQIL plasmid, with less than 10 SNP differences in more than100 kb of plasmid sequence. The stability is more striking given that the pKpQIL plasmids analyzed in this study were collected more than 7 years ago and from different species and STs. The one noticeable outlier is pKpQIL-IT, isolated from Italy in 2009 and harboring a variable 47-kb fragment that contains more than 1,600 SNPs in comparison to the other pKpQIL plasmids (Fig. 1) . The reason for the sequence variability in pKpQIL-IT is still not clear. It is likely the 47-kb region was acquired from other IncFII plasmids through homologous recombination, as large-fragment recombination among different plasmids commonly occurs. Another possible explanation might be that the variability is the result of a high mutation rate due to a different selection pressure of Italian isolates, as the pKpQIL-ITharboring ST258 strain also carries porin mutants with OmpK35 and OmpK36 dysfunction (15) , which could confer resistance to carbapenems and other antimicrobial agents.
The plasticity of the genome of pKpQIL-Ec is observed in the 14.5-kb deletion compared to other pKpQIL-like plasmids, although the mechanism for this deletion remains unknown as no significant repeated sequences are found on either side of the junctions (data not shown). A similar deletion has previously been reported in pKpQIL-like plasmids by Villa et al. (33) , who described a carbapenem-resistant ST258 strain that became susceptible due to the large deletion of a 36-kb fragment, including the full length of a bla KPC-3 -harboring Tn4401a transposon. In that instance, those authors suggested that the deletion was the result of an IS26-mediated loop out (33) . Similarly, the 24-kb inversion in pKpQIL-234, flanked by two IS26 elements, is also likely the result of an intramolecular transposition mediated by IS26. Our results and those of studies by others indicate that pKpQIL-like plasmids are in constant genetic flux (15, 33) , and we have seen examples of insertions (IS26-aphA1-IS26 in pKpQIL-IT), deletions (pKpQIL-Ec), and reversions (pKpQIL-234). It is evident that insertion elements, such as IS26, play an important role in creating the plasmid architecture of new pKpQIL plasmid variants.
In this study, pKpQIL-like plasmids were identified in different K. pneumoniae clones (STs) and in different species (K. pneumoniae, E. aerogenes, and E. coli). Our surveillance of 284 KPCproducing K. pneumoniae isolates identified this plasmid in more than one-third of the collection and in isolates from 9 of the 10 submitting hospitals, highlighting its success in the epicenter of the KPC epidemic. More importantly, 33.3% of non-ST258 KPCproducing K. pneumoniae strains carry this plasmid, indicating that pKpQIL-like plasmids have spread beyond the K. pneumoniae ST258 clone into other STs. Collectively, the distribution of plasmids in different species and STs suggests that interstrain and interspecies transfer significantly contributed to the spread of this plasmid in our area.
In conclusion, we sequenced six pKpQIL-like plasmids from different STs and species collected in NY/NJ hospitals from 2003 to 2010. The epidemic pKpQIL-like plasmids are very prevalent among the resistant strains in this region. The finding of pKpQILlike plasmid in this study from isolates that predate the initial report of KPC in Israel provides evidence that this resistance plasmid may have originated in the United States. pKpQIL plasmids are spreading clonally in ST258 strains as well as horizontally to different sequence types and species. The disproportionate distribution of bla KPC-2 and bla KPC-3 -harboring pKpQIL plasmids in the epicenter northeastern region of the United States warrants further study.
